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Abstract 
	The flow mechanisms causing cavitation breakdown in axial turbomachines have been a long-standing 
puzzle. Recently, observations in our laboratory have associated this phenomenon with blockage caused 
by perpendicular cavitating vortices (PCVs) in the blade tip region. In follow-up experiments, 
circumferential casing grooves (CGs) have been used to manipulate the tip leakage flow, intending to 
suppress the formation of PVCs. While the PCV formation is affected by a CG located near the trailing 
edge, it shows very little effect in alleviating the rapid performance deterioration during breakdown. High-
speed movies show that breakdown begins when a slight decrease in inlet pressure extends the 
attached/sheet cavitation on the blade suction side (SS) into the blade overlap region. At this phase, the 
area covered by the sheet cavitation initially fluctuates and then expands rapidly to cover a large portion 
of the surface. Stereoscopic particle image velocimetry (SPIV) measurements performed in non-
cavitating fractions of the passage show that this process involves a significant increase in liquid velocity 
and decrease in pressure along the blade pressure side (PS) in the overlap region. It appears that 
blockage caused by the cavitation on the SS accelerates the flow along the PS, which results in further 
reduction in pressure over the entire passage and further expansion of the cavitation on the SS. 
However, the pressure difference across the blade tip measured at mid span increases, compensating 
for the reduction in PS pressure. Hence, in some cases, the pump head increases slightly at the onset of 
breakdown. Further reduction in inlet pressure causes an increase in blockage in the tip region, but still a 
slight increase in velocity deeper in the passage. The reduced flowrate combined with a decrease in mid 
passage pressure results in a rapid drop in head as well. The CG is only partially effective in reducing the 
tip region blockage, presumed due to the inability of the shallow grooves to affect the cloud cavitation 
that fills the trailing edge tip region at this stage. 
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INTRODUCTION 
Cavitation breakdown refers to the dramatic performance 
degradation of liquid handling axial turbomachines when 
working under inlet pressure conditions falling below some 
critical level. In spite of previous efforts, the mechanisms 
causing this phenomenon are still not understood. 
Theoretical analyses by Jakobsen [1] concludes that the 
cavitation breakdown is related to a condensation shock 
caused by a rapid decrease in the speed of sound within the 
cloud cavitation. Based on experimental observations, 
Pearsall [2] shows that the performance breakdown happens 
when the attached cavitation on the SS surface extends into 
the blade overlap region “choking” the flow. Using RANS 
simulations, Lindau et al. [3] attribute the breakdown to 
choking that occurs when the attached cavitation reaches the 
blade trailing edge. More recently, Tan et al. [4] show that 
the breakdown is related to the formation of large scale 
perpendicular cavitating vortices. These structures develop 
as the tip leakage vortex (TLV) entrains part of the cloud 
cavitation and reorients it in a direction that is perpendicular 
to the blade SS. When this interaction occurs in the blade 
overlap region, and the PCVs extend from the SS of one 
blade to the PS of the adjacent one, the passage is blocked 
in the tip region, causing the performance degradation. 
Based on this perceived mechanism, preventing the formation 
of PCVs could presumably alleviate the rapid degradation 
during breakdown. Hence, we have tried to use circumferential 
casing grooves (CGs) to alter the trajectory of the TLV, and 
disengage it from the location of cloud cavitation. 
Circumferential casing grooves have already been used 
successfully to delay stall [5,6], and to suppress the 
instabilities associated with cavitation in axial turbomachines 
[7]. However, attempts by Choi et al. [8] to use axial casing 
grooves to delay cavitation breakdown of an inducer have had 
limited success. 
In ongoing experiments, performance tests and high-speed 
movies of cavitation are used for evaluating whether CGs 
affect the structure of cavitation and conditions for breakdown. 
Further insights are obtained by conducting velocity 
measurements in the non-cavitating part of rotor passage 
using SPIV under varying cavitation levels. The results are 
used for estimating the mean pressure distribution close to the 
entrance of the blade overlap region. The results confirm that 
cavitation breakdown process begins when the SS attached 
cavitation expands into the blade overlap region. Initially, the 
axial velocity increases and the pressure decreases along the 
blade PS, presumably due to the cavitation-induced blockage 
at the confined overlap zone. At this stage, rapid expansion of 
the SS cavitation compensates for the reduction in PS 
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pressure, causing, in some cases, an increase in pump head 
[9]. The flowrate and head starts to decrease after further 
reduction in cavitation index, which increase the cavitation-
induced blockage in the tip region, and reduces the PS 
pressure deeper in the passage. The CGs fail to change the 
tip region blockage significantly, presumably due to the 
limited ability of the shallow groove to affect the cloud 
cavitation when it expands over the entire tip region of the 
passage. 
	
1. EXPERIMENTAL SETUP 
	
The axial waterjet pump (AxWJ-2) used in the current 
study has been designed by Michael et al. [10], and used 
already in several recent studies. Figure 1a provides a 
sketch of this pump and Table 1 summarizes the relevant 
parameters. It has 6 rotor blades with constant diameter of 
305.2 mm and 8 stator blades, which taper to a 213.4 mm 
nozzle. Detailed descriptions of the pump and cavitation 
phenomena occurring in it can be found in [4,9–12]. When 
installed in the JHU closed-loop refractive index matched 
facility [13], the measured tip clearance without grooves is 
0.7mm (0.0046R). The facility includes a half-full tank 
connected to high-pressure gas and a vacuum pump located 
above the loop to control the mean pressure. Cooling jackets 
surrounding some of the pipe sections of the main loop are 
used for controlling the liquid temperature. The working fluid is 
a concentrated aqueous sodium iodide solution, whose 
specific gravity is 1.8, its kinematic viscosity is 1.1×10-6 m2s-1 
for the current temperatures, and the vapor pressure, 1.2 kPa, 
is slightly lower than that of the pure water [4,14]. The 
refractive index of this solution matches that of the acrylic 
pump housing and inserts, allowing us to perform optical 
measurements in the rotor passage without distortions. The 
present rotor is made of Aluminum, the very same rotor 
discussed in [9]. It should be noted that the rotor has been 
designed to delay cavitation breakdown by establishing a 
nearly uniform pressure distribution along the blade SS [10]. 
 
Figure 1. (a) The AxWJ-2 with casing groove (CG3) installed and the imaging setup for SPIV measurement. (b) The circumferential 
groove configurations. 
 
Figure 2. (a) A perspective view of the laser sheet coincides with the LE tip. (b) A magnified view of the SPIV plane with sample |Uz| 
distributions. (c & d) Top and section views of the SPIV setup.  
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Table 1. Relevant rotor geometry data 
Number of rotor blades 6 
Number of stator blades 8 
Tip profile chord length c 274.3mm 
Tip profile axial chord length cA 127.4mm 
Rotor radius Rr 151.9mm 
Casing radius R 152.6mm 
Casing diameter D1 305.2mm 
Circumferential groove width 30.4mm (0.11c) 
Circumferential groove depth 6.35mm (9.1h) 
Outflow section diameter D2 213.4mm 
Pipe inner diameter downstream of 
the pump D 
304.8mm 
Tip clearance h 0.7mm 
Tip clearance ratio 2hD-1 4.6×10-3 
Tip profile pitch ζ 159.1mm 
Tip profile solidity cζ-1 1.72 
Tip profile stagger angle γ 27.7º  
Rotor angular velocity Ω (n) 94.2rad s-1 
(900rpm) 
Tip speed UT 14.3ms-1 
Tip profile Reynolds number Rec 3.6×106 
Circumferential casing grooves at varying locations are 
created by installing a combination of 6.35mm thick 
transparent acrylic inserts in slots surrounding the rotor, as 
illustrated in Fig. 1a. As shown in Fig. 1b, three CG 
configurations have been tested, with CG1 centered at the 
blade leading edge, CG2 located near the mid-chord, and 
CG3 covering the trailing edge. All grooves have the same 
width of 30.4mm (0.11c) and depth of 6.35mm (0.04R). High-
speed images of cavitation are recorded by a PCO® dimax 
high-speed camera at 1800 frames per second, 
corresponding to 20 frames per blade passing when the rotor 
is operating at a constant speed of 900 rpm.  
The setup for SPIV measurement is shown in Figs. 1 and 
2. The images are recorded by a pair of 2048×2048 pixels 
PCO® 2000 interline transfer CCD cameras located on 
different sides of the laser sheet. Optical distortions are 
minimized by viewing the sample area through prisms with 
outer surface aligned perpendicularly to the lens axis. The 
flow is seeded with 13µm, silver-coated, hollow spherical 
particles that have a specific density of 1.6, slightly less than 
that of the fluid. To characterize the effect of cavitation on the 
pump performance, the SPIV measurements focus on the 
flow along PS deep inside the blade and the non-cavitating 
parts of tip region. The laser sheet is orientated to minimize 
the detrimental effects of light scattered by the cavitation. It is 
also almost perpendicular to the SS surface at the entrance 
to the blade overlap region. To define the orientation and 
location of this sheet, we use a general coordinate system (r, 
θ, z) that has an origin located at the pump center, and 
coincides with the plane of the leading edge of the blade. 
The coordinate system associated with the sample plane is 
(x', y', z'), where x' and y' are located within the illuminated 
area, and z' is inclined by β=40° to the z direction (Figs. 1a 
and 2c). As illustrated in Figs. 2c and d, the origin of (x', y', 
z') is located at r/R=0.995, θPIV=-37.5° (θ=0 is the vertical 
direction), and z=0. Figures 2a and b, which look at the 
sample area from the back, show that in this arrangement, 
the intersection of the bottom of the laser sample area with the 
blade PS is located more downstream of the LE than the top 
part. By maintaining the laser sheet in the same location, but 
recording data for different blade orientations, we can obtain 
data in different planes relative to the blade leading edge. The 
measurements have been performed in 4 planes. For each 
one, 200 images pairs have been record at a series of 
cavitation indices.  
Calibration of the SPIV system follows a two-step process 
described by Wieneke [15]. As discussed in [16], the initial 
calibration step is performed by raising the entire system and 
traversing a target in a small chamber containing the same 
fluid. The second, a so-called self-calibration is carried out 
using particle images acquired in the actual sample area, after 
lowering the system back. Image pre-processing consists of 
applying background removal and modified histogram 
equalization algorithms [17] to achieve uniform brightness of 
the particles. The FFT based cross-correlations performed 
using a commercial software package LaVision® Davis, 
followed by application of the universal outlier detection 
algorithm [18]. The sample area size is 75.3×114.8 mm2, and 
the vector spacing is 0.41 mm for 24×24 pixels2 interrogation 
windows with 50% overlap. Due to obstruction by the TLV 
cavitation, only part of the PIV image is available, but it still 
allows us to examine the flow and pressure distributions along 
the pressure side of the blade, from the casing, r/R=1.0, down 
to r/R=0.66, which represents 50% of the rotor blade span. As 
shown in Fig. 2b, the “triangular” field of view (FOV) is 
bounded by the blade PS to the left and the casing wall on the 
top. The SPIV measurements have been performed on the 
baseline case without grooves and CG3 case, with the groove 
located near the blade trailing edge.  
All the velocity components have been transformed from 
the laser sheet coordinate system (u, v, w) into the global 
cylindrical system (ur, uθ, uz), with the corresponding ensemble 
averages components denoted as (Ur, Uθ, Uz). The 
coordinates and vectors transformations are as follows:  
 
2 2( cos ) ( cos sin sin )r PIV r PIVr x R y z Rθ β β θʹ ʹ ʹ= + + + −                                                                    (1) 
1 cos sin sintan
cos
r PIV
r PIV
y z R
x R
β β θ
θ
θ
− ʹ ʹ+ −=
ʹ +
                (2) 
sin cosz y zβ βʹ ʹ= − +                                               (3) 
cos ( cos sin )sinru u v wθ β β θ= + +                      (4) 
sin ( cos sin )cosu u v wθ θ β β θ= − + +                    (5) 
sin coszu v wβ β= − +                                               (6) 
 
A sample distribution of axial velocity magnitude (|Uz|/UT) 
prior to cavitation breakdown is presented in Fig. 2b. It shows 
the axial velocity deficit near the tip occurring due to combined 
effects of the casing boundary layer, TLV cavitation induced 
blockage, and proximity to the blade leading edge, as well as 
the increase in velocity with increasing distance from the PS. 
In this case, the sample plane coincides with the leading edge 
of the blade tip. However, most of the data presented in this 
paper corresponds to a plane that intersects with the blade tip 
at s/c=0.065, i.e. inside the passage. Here, s is the distance 
from the leading edge along the blade tip chord.  
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2. RESULTS 
	
2.1 Pump performance 
Figure 3 shows the flowrate-head curves for all the tested 
cases. The test results conducted in NSWC [9] using the 
same rotor are also included for comparison. Based on 
NSWC results, the pump efficiency peaks at 89% at φ=0.76, 
where φ is the flowrate coefficient, defined as 
3
Q
nD
ϕ =                                        (7) 
Here, Q is the volumetric flowrate, n is the rotor angular 
speed in revolutions per second, and D is the diameter of the 
inlet. The flowrate is calculated by integrating the velocity 
profile acquired by translating a Pitot tube in the radial 
direction far downstream of the pump. The total head rise 
coefficient is defined as 
2 2
,2 ,1
2 1
2 2
2s s
Q Qp p
A A
n D
ρ
ψ
ρ
⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥− + −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦=         (8) 
where, as illustrated in Fig. 1a, the subscripts 1 and 2 refer to 
the planes where the pressure taps are located, A is the 
through-flow area and ps is the measured static pressure. 
The static head rise, ΔpS = ps,2 – ps,1, is measured directly by 
a differential pressure transducer connected to the pressure 
taps. To account for the variations of the flow downstream of 
the stator, ps,2 is the average reading of five circumferentially 
distributed pressure ports. The absolute static pressure at 
the entrance to the pump (ps,1 at z/R=1.16) is measured by a 
monometer and used for calculating the cavitation index 
,1
20.5
s v
T
p p
U
σ
ρ
−
=                                      (9) 
where pv is the vapor pressure of the liquid. The 
uncertainties associated with the head rise and flowrate 
measurements are around 1.2% and 1.7%, respectively.  
As shown in Fig. 3, for φ=0.65-0.8, the casing grooves 
cause a 1%-2% reduction in total head rise compared to the 
baseline values. The untreated performance curve peaks at 
φ=0.61, suggesting that stall might occur under this 
condition. The present CGs do not seem to delay the onset 
of stall, and in fact, cause a maximum of about 4% decrease 
in performance at low flowrates. While other studies have 
shown that circumferential grooves cause a delay in the 
onset of stall [5,6], the present CGs do not, presumably due 
to their shallow depths.  
To test the effectiveness of the CGs on delaying 
cavitation breakdown, the mean pressure in the facility is 
gradually reduced, and the pump performance is measured 
after running the machine at the same condition for more 
than 40s. The results are summarized in Fig. 4. The tests are 
carried out at two different initial flowrates, one starting from 
φ=0.74-0.75 while the other one starting from φ=0.67-0.68.  
For all the cases and flowrates, the total head drops abruptly 
at around σ=0.17, indicating that the CGs do not change the 
breakdown cavitation index noticeably. Furthermore, the 
breakdown cavitation index is not affected by the flowrate, 
hence the blade load distribution. Tests performed by Kang 
et al. [7] for an inducer with CG at the LE have shown similar 
trends. In their study, although the primary goal of using the 
CGs to suppress the instabilities caused by cavitation is 
achieved, the grooves do not appear to have a significant 
impact on delaying the cavitation breakdown.  
 
Figure 3.	Pump performance curves  
2.2  Apparence of cavitation 
Detailed descriptions of the appearance of cavitation for 
the different CG cases are provided in [12], and only samples 
for CG3 are presented in this paper. Briefly, at high cavitation 
indices, well above breakdown, CG1&2 trap the TLV, altering 
its interactions with the cloud cavitation.  However, upon 
further reduction in inlet pressure, but still before breakdown, 
part of the TLV “escapes” from the grooves, resulting in tip 
region cavitation phenomena that are similar to those 
associated with the baseline case. Figure 5 compares the 
evolution of cavitation for the baseline and CG3 cases with 
decreasing σ. The cavitation indices are chosen to represent 
the flow conditions that are just before and after cavitation 
breakdown. Before breakdown (Figs. 5a&d), the extent of TLV 
cavitation and the area covered by attached cavitation on the 
blade SS for the baseline and CG3 appear to be similar. In 
both cases, entrainment and re-orientation of the cloud 
cavitation by the TLV generate the small-scale PCVs indicated 
on the figure. Under this condition, the attached cavitation has 
not yet propagated into the blade overlap region. The only 
effect of CG3 is formation of an additional cavitating vortical 
structure inside the groove, close to the trailing edge. Similar 
phenomena have been observed for the other grooves, but at 
different locations. In contrast, once breakdown occurs, 
substantial fraction of the blade SS within the overlap region is 
covered by cavitation (Figs. 5b, c, e and f). A sample time 
sequence demonstrating the transition between these states is 
presented for the baseline case in Fig. 6. Here, the cavitation 
index (σ=0.171) is only slightly lower than that of Figure 5a 
(σ=0.186), corresponding of an absolute pressure difference of 
2.8 kPa. The attached cavitation propagates into the blade 
overlap region and the fraction of SS area covered by it 
oscillates at high amplitude. All the images in Fig. 6 
correspond to the same mean flow condition, but while a small 
area is covered by cavitation at t=t0 and t=t0+3Δt (Figs. 6a&d), 
most of the lower blade is covered at t=t0+Δt and t0+2Δt (Figs. 
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6b & c). It should be noted that at this condition, which is 
referred to in the rest of this paper as “breakdown onset”, the 
flowrate still has not changed, and the head rise increases 
slightly.  
 
Figure 4.	Cavitation breakdown curves: (a) Flow rate coefficient, and (b) total head coefficient.  
 
Figure 5.	Comparisons of cavitation phenomena at three different cavitation numbers before (a & d) and after (b-c & e-f) cavitation 
breakdown for the baseline case (top row) and the CG3 case (bottom row). Solid red lines in (d-f) indicate the boundaries of CG3 and 
the dashed lines in (a-c) show the same location, but without a groove. 
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Figure 6.	Rapid oscillations of attached cavitation at breakdown 
onset for the Baseline. Δt=0.022s or 2 blade passing periods 
 
Further slight reduction of the inlet pressure of the 
baseline rotor to σ=0.160, a change of 2 kPa, already causes 
a significant reduction (8.5%) in head rise. The attached 
cavitation stabilizes in the overlap region, and distinct PCVs 
form near the blade trailing edge (Fig. 5b). While expansion 
of the attached cavitation into the overlap region occurs for 
the CG3 case as well, its chordwise extent is lower than that 
in the baseline case, and the formation of PCVs near the 
blade trailing edge is suppressed (Fig. 5e). Yet, the 
performance barely improves, as evidenced by the slightly 
higher head rise occurring at a lower cavitation index 
(σ=0.158) in Fig. 5e. This observation challenges the claim 
that the PCVs play primary roles in the cavitation breakdown, 
as proposed by Tan et al. [4]. Further minor reduction in 
cavitation index causes substantial deterioration of both the 
flow and head coefficients for both the baseline and CG3 
cases (Figs. 5c&f). Here, the PCVs form for the CG3 case as 
well, demonstrating that this groove is not effective in 
suppressing them.  
 
2.3  Velocity and pressure distributions 
SPIV measurements have been conducted at conditions 
corresponding to φ=0.74-0.75 prior to breakdown at five 
different cavitation indices. Figure 7 shows the distribution of 
axial velocity magnitude (|Uz|/UT) for the baseline case. The 
five conditions are: (i) high pressure when cavitation is 
suppressed (σ=0.77); (ii) close to, but before breakdown 
(σ=0.180); (iii) “breakdown onset”, when attached cavitation 
oscillates and the head rise peaks (σ=0.170); (iv) “early 
breakdown” when the performance of the machine already 
deteriorates (σ=0.166); and (v) “deep breakdown” (σ=0.161), 
when the head coefficient is 9% lower than that without 
cavitation. For convenience, each velocity distribution is 
accompanied with the corresponding point on head coefficient 
plot.  
At σ=0.77, |Uz| is low near the endwall casing and along 
the PS, increasing with decreasing distance from the blade 
SS. The reduced velocity along the casing is associated with 
the casing boundary layer as well as other phenomena, such 
as tip leakage flows, TLV formation, etc. (e.g., [19–21]). The 
low velocity along the PS is inherent.  Due to partial visual 
blockage by the tip region cavitation, the FOVs for the other σ 
are smaller, as indicated by the dotted line. At σ=0.180, |Uz| 
increases slightly essentially everywhere. Further reduction in 
pressure to σ=0.170 causes a substantial increase in velocity 
over almost the entire FOV, including the vicinity of the PS, but 
not in the tip region. For example, along the PS and at x'/R=-
0.35, there is a 6% increase, from 0.395UT to 0.420UT. Since 
the overall flowrate in the machine remains essentially 
unchanged, the increase in axial velocity along the PS is likely 
to be a result of (cavitation-induced) blockage in other regions 
of the rotor passage, predominantly along the SS. Recall that 
the visual observations indicate that at σ=0.170, the attached 
cavitation oscillates and extends rapidly into the blade overlap 
region (e.g, Figs. 6a&d), supporting the argument about the 
effect of cavitation-induced blockage. Further slight decrease 
in cavitation index to σ=0.166, when the flowrate and the head 
rise start to drop, the axial velocity decreases in the outer 
parts of the PS and in the tip region, but keeps on increasing 
along inner parts of the PS, at x'/R<-0.2. When the cavitation 
index is lowered further to σ=0.161, there is a reduction in 
axial flow over the entire FOV, including the PS, but especially 
along the endwall casing. The latter is presumably associated 
with the cavitation, including the cavitating TLV, the cloud 
cavitation near the trailing edge, and the large PCVs evident in 
Figs. 5b & c.  
Figure 8 shows the evolution of circumferential velocity for 
the baseline case at three different σ. The magnitude of Uθ is 
much smaller than |Uz|, but it decreases by about 50% at 
breakdown onset (σ=0.170), and keeps on decreasing as the 
cavitation index is reduced further. Note that a decrease in Uθ 
implies higher velocity relative to the blade (less swirl). The 
corresponding evolution of the radial velocity component is 
shown in Fig. 9. The values are quite low almost everywhere, 
and decrease with decreasing cavitation index. During the 
transition from σ=0.180 to σ=0.170, the combined effects of 
rapidly increasing |Uz| and decreasing Uθ, the latter implying 
that in the rotor reference frame (Ωr-Uθ) increases, result in 
nearly unchanged flow angle relative to the blade (not shown). 
Hence, the phenomena occurring during breakdown onset do 
not involve substantial changes to the incidence angle.  
Knowledge of the velocity magnitude upstream and within 
the rotor passage enables us to use the Bernoulli equation to 
estimate the pressure distributions along the blade PS. 
Neglecting effects of viscous and Reynolds stresses and 
assuming a steady flow in the rotor reference frame, along a 
streamline  
 
22 ( )
2 2
p rW const
ρ
Ω
+ − =                           (10) 
Measurements of the Flow and Pressure within an Axial Waterjet Pump during Cavitation Breakdown — 7 	
where W is the speed of the fluid in the rotor reference frame 
[22,23]. In the current case, considering that Ur is very small 
(Fig. 9), the radial displacement of the streamlines is 
negligible, and the (Ωr)2/2 is cancelled. Hence, the time-
averaged pressure in the passage is 
2 2
,( , , ) 0.5 ( ( ) )in z inp r z p U rθ ρ= + + Ω   
                  2 2 20.5 ( ( ) )r zU r U Uθρ− + Ω − +                 (11) 
where Uz,in is the measured axial velocity at z/R=0.65, well 
upstream of the rotor LE [24]. Since the inlet condition have 
only been recorded at φ=0.76, the Uz,in profiles at other 
flowrates are estimated by assuming the same radial 
distributions far upstream of the rotor, and scaling the 
velocity magnitude accordingly. Since the present analysis 
focuses on the effect of cavitation on the performance of the 
machine, in addition to σ, we also define the local cavitation 
index 
2
( , , )
0.5
v
local
T
p r z p
U
θ
σ
ρ
−
=                          (12) 
Its distribution along the PS of the blade will be used as a 
representative of the pressure difference across the blade 
when the SS is covered by attached cavitation.  The 
distributions σlocal for the baseline case are shown in Fig. 10. 
As is evident, the slight decrease in σ from 0.18 to 0.17 
(breakdown onset) causes an order of magnitude larger 
decrease in σlocal everywhere in the passage. This drastic 
reduction in pressure is associated with the increase in 
velocity magnitude in the rotor reference frame. Further 
reduction in cavitation index to σ=0.166 causes further 
significant decrease in pressure along the inner part of the PS, 
but not as the same rate as that occurring between σ=0.18 to 
0.17. In the rest of the passage, especially in the tip region, 
the pressure hardly changes. Between σ =0.166 to 0.161, the 
latter corresponding “deep breakdown”, the pressure 
distribution changes very little across the FOV, but there is a 
decrease in the PS pressure at low x'/R.  
 
Figure 7.	Evolution of |Uz| for the baseline case with σ at s/c=0.065 inside passage: σ=0.77 (without cavitation), σ=0.180 (just before 
breakdown), σ=0.170 (breakdown onset), σ=0.166 (early breakdown), and σ=0.161 (deep breakdown). Dotted line in σ=0.77 indicates 
the boundary of the field of view in σ=0.180-0.161. 
 
Figure 8.	Evolution of Uθ for the baseline case: σ=0.180 (just 
before breakdown), σ=0.170 (breakdown onset), and σ=0.166 
(early breakdown). 
 
Figure 9.	Evolution of Ur for the baseline case: σ=0.180 (just 
before breakdown), σ=0.170 (breakdown onset), and σ=0.166 
(early breakdown) 
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Figure 10.	Evolution of σlocal for baseline case: σ=0.180 (just before breakdown), σ=0.170 (breakdown onset), σ=0.166 (early 
breakdown), and σ=0.161 deep breakdown. 
 
 
Figure 11. Changes in |UZ| with decreasing σ for (a) the 
baseline case (|Uz, σ=0.170| - |Uz, σ=0.180|) and (b) the CG3 case 
(|Uz, σ=0.173| - |Uz, σ=0.187|). Partially masked area in (a) is not 
available in (b). 
 
Figure 12. Changes in |UZ|/UT with decreasing σ for (a) the 
baseline case ((|Uz, σ=0.161|-|Uz, σ=0.180|) /UT) and (b) the CG3 case 
((|Uz, σ=0.158|-|Uz, σ=0.187|) /UT). 
 
2.4 Sample comparisons between the baseline 
and CG3 flow fields 
Figures 11 compare the changes to |Uz| as the cavitation 
index is reduced from pre-breakdown to breakdown-onset 
conditions for the baseline and CG3 cases. For the baseline 
case, we present (|Uz, σ=0.170|-|Uz, σ=0.180|), and for the CG3 
cases, ((|Uz, σ=0.173|-|Uz, σ=0.187|). The differences in the values 
of σ are caused by slight (<1 kPa) changes in the inlet 
pressure during the tests. The CG3 data also has a smaller 
field of view, which is indicated by the mask superimposed 
on the baseline figures. For both cases, the breakdown onset 
in characterized by an increase in axial velocity and decrease 
in pressure along the blade PS. The differences between the 
two cases along the PS are quite small, but the increase in 
|Uz| along the tip of the blade with CG3 is lower than that of 
the baseline flow. Figure 12 provides a similar comparison 
between the baseline and CG3 cases, but this time the 
cavitation index is changed from pre-breakdown to deep 
breakdown conditions. Here, the area with decreasing |Uz| 
indicating blockage, and the magnitude of the decrease in the 
CG3 data are smaller than those of the baseline. This trend 
might be associated with the suppression of the PCVs further 
Measurements of the Flow and Pressure within an Axial Waterjet Pump during Cavitation Breakdown — 9 	
 
Figure 13: Evolution of σlocal for CG3 case: σ=0.187 (just before breakdown), σ=0.173 (breakdown onset) and σ=0.164 (early 
breakdown). 
 
downstream, as shown in Fig. 5e. Figure 13 shows three 
sample distributions of σlocal for CG3. Accounting for the 
differences in σ, the pre-breakdown and breakdown-onset 
pressure distributions are not significantly different from 
those of the baseline in Fig. 10. Accordingly, the pressure 
coefficients are also marginally different. However, there is a 
difference at early breakdown (σ=0.164), where the pressure 
over the entire area is higher than that at σ=0.166 or 0.161 
for the baseline data. The difference is significant, being 
higher by e.g. 0.04-0.06 along the PS of the CG3 distribution. 
Accordingly, the corresponding overall pressure coefficient of 
the CG3 setup is markedly higher, by 0.1-0.24, for similar 
flowrates. Hence, once the exact conditions are compared, 
adding the casing groves delays the rapid deterioration of PS 
pressure slightly and the overall performance in a more 
significant manner. However, this advantage is limited to a 
narrow range of flow coefficients and cannot be maintained 
as σ is decreased further (Figs. 4 and 5). The implications of 
these findings are addressed in the following discussion.  
  
3. DISCUSSION 
In this section, we combine the present and previous 
findings about cavitation breakdown to introduce a plausible 
explanation for the mechanisms involved. The precursor for 
cavitation breakdown, referred as breakdown onset in the 
current paper, occurs when the attached cavitation on the 
blade SS starts to expand into the blade overlap region, and 
the area covered by it fluctuates with large amplitudes (Fig. 
6). This phenomenon has been observed for all the tested 
cases, and is consistent with the condition for breakdown 
observed for other machines by Pearsall et al. [2]. At this 
cavitation index (σ=0.170 for the baseline case), the pump 
flowrate does not change, and the head increases slightly. 
The latter trend is consistent with simulations performed for 
the same pump geometry [3] and for different machines 
[25,26]. Yet, the SPIV measurements show that during 
breakdown onset, the mean axial velocity increases by 5-6% 
(Figs. 7&11) and the mean pressure decreases by more than 
25% along the PS of the blade near the entrance to the 
overlap region (Fig. 10). The increase in axial velocity without 
a change in flowrate is presumably associated with a reduction 
in the through-flow area caused by the attached cavitation 
along the SS of the neighboring blade. The decrease in 
pressure over the entire entrance area is likely to reduce the 
pressure along the SS as well, resulting in a rapid expansion 
of the attached cavitation deep into the overlap region.  
While the decrease in PS pressure concurrently with an 
increase in total head appears to be puzzling, it can be 
explained as follows: Measurements of pressure distributions 
on the surface of a cavitating 2D hydrofoil by Shen & 
Dimotakis [27] show that the pressure inside the cavitation 
area on the SS is very close to the vapor pressure, and 
recovers to the fully wetted values only downstream of the 
cloud cavitation. Hence, in parts of the SS, the pressure is 
lower than that in a fully wetted flow. For this isolated foil, the 
pressure along the PS is not effected significantly by the 
cavitation, at least as long as the SS cavitation does not reach 
the foil trailing edge. Consequently, partial cavitation actually 
increases the lift force. In the current pump, although PS 
pressure drops, it is accompanied by a rapid expansion of the 
SS cavitation, and area where the pressure is equal to the 
vapor pressure. Hence, the blade loading might still increase 
in spite of the decreases in PS pressure. Evidence supporting 
this argument can be obtained from the endwall casing 
pressure measurements in the same machine by Tan et al. [4] 
using two, fixed, flush-mounted piezoelectric transducers. The 
location of these transducers is indicated in Fig.14a. 
Transducer no. 1 is located near the blade LE (s/c=0.175), 
and Transducer no. 2, at the mid-chord (s/c=0.488). Sample 
ensemble-averaged pressure signals of Transducer no. 2 
normalized by 0.5ρUT2 (Cp=p(θ)/0.5ρUT2)) for different σ are 
presented in Fig. 14b. The sharp decrease in pressure occurs 
as the blade passes by the transducer, peaking on the PS, 
and reaching a minimum value along the SS, with the 
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difference between them (ΔCp=Cp,PS- Cp,SS) representing the 
pressure difference across the blade. Hence, this difference 
can be used as a surrogate for the local loading near the 
blade tip. Note the sharp decrease in SS pressure at 
σ=0.171, the breakdown onset condition.  
 
 
Figure 14: (a) Illustration of transducer locations. (b) Casing 
wall pressure variations near the mid-chord. (c) Pressure 
differences across the blade measured at casing wall at two 
different axial locations for the baseline case. (Adapted from 
Tan et al. 2015) 
 
Figure 14c shows the effect of reducing σ on the pressure 
difference across the blade for both transducers along with 
the corresponding pump performance. As is evident, near 
the LE (transducer No. 1), the pressure difference decreases 
with decreasing σ, with ∂ΔCp/∂σ~1 at 0.175<σ<0.25. Under 
these conditions, the SS attached cavitation already extends 
to Transducer No. 1, hence the SS pressure is expected to 
be nearly constant and close to the vapor pressure. The 
slope of the ΔCp line implies that the PS pressure decreases 
at the same rate as the inlet pressure, i.e. pps-pin remains 
unchanged. The corresponding performance and flowrate 
remain nearly unchanged at 0.175<σ<0.25, indicating that 
the decrease of blade loading near the LE must be 
compensated by an increase in blade loading somewhere 
else along the blade. According to Shen & Dimotakis [27], 
the decrease in blade loading near the leading edge is 
compensated by an increase in pressure difference across 
the blade at higher chord fractions, where the pressure in the 
cavitation-covered SS remains low. Indeed, as the SS 
cavitation expands to Transducer no. 2 at the breakdown 
onset conditions, ΔCp (blade loading) increases at mid-chord, 
while drastically decreasing near the leading edge, 
consistent with the present observations. Figure 14b 
indicates that the increase in ΔCp2 is mostly attributable to 
the decrease in SS pressure. In Tan et al. [4], this decrease 
is associated with formation of PCVs at the same location. 
The rapid decrease in ΔCp1 is attributed in this paper to 
cavitation-induced blockage once the attached cavitation 
reaches the blade overlap region. Considering that 
breakdown onset involves rapid expansion of the SS area 
covered by cavitation, i.e. has a vapor pressure, a similar 
increase in ΔCp most likely occurs over a broad fraction of the 
blade. This process might be the primary reason for the brief 
increase in total head at σ=0.17. Although the cavitation-
induced blockage reduced the PS pressure near the leading 
edge, the corresponding rapid expansion of the SS cavitation 
appears to make up for it.  
While we cannot provide a substantiated explanation for 
the oscillation in the area covered by cavitation, once could 
still postulate about possible reasons. The rapid expansion of 
the SS cavitation is most likely a result of the cavitation-
induced blockage, and the presently–observed corresponding 
increase in velocity and decrease in pressure over the entire 
wetted fraction of the passage (Fig. 10). However, the 
expansion of the SS cavitation increases the pump 
performance, i.e. the pressure in the vicinity of the blade 
trailing edge. This increase is likely to shrink the area covered 
by cavitation, hence, reduce the total head and pressure in the 
passage. Consequently, the area covered by cavitation 
oscillates.  
Upon further reduction in cavitation index, the head rise 
drops sharply, consistent with the blade loading reduction both 
at the LE and at mid chord (Fig. 14c). At deep breakdown, i.e. 
σ=0.161, the attached cavitation of the baseline case reaches 
the blade trailing edge (Fig. 5b) and stops oscillating, while the 
pressure along the LE PS remains nearly unchanged (Fig. 10). 
This trend is consistent with the plateau in ΔCp1 at σ<0.165 in 
Fig. 14c. However, the blade loading near mid chord keeps on 
decreasing, at least in the tip region, contributing to the 
performance loss. In Tan et al. [4], the latter trend is attributed 
to the cavitation-induced blockage as the entire tip region 
becomes occupied by the PCVs (Fig. 5c). The increased tip 
blockage is consistent with the persistent decrease in |Uz| near 
the LE, as shown in Fig. 7.  
Finally, one has to answer why the grooves have a limited 
effect on the breakdown process (consistent with [8]), in spite 
of the fact that they suppress the formation of PCVs and 
improve the machine performance during early phases of 
breakdown (σ ≥0.158), as shown in Figs. 5b&e. The PCVs 
reappear and the performance deteriorates rapidly upon 
further reduction in cavitation index, reaching conditions that 
are similar to those of the machine without grooves (Figs. 4, 
and 5e&f). The groove does reduce the blockage in the tip 
region under deep breakdown (Fig. 12), but apparently, this 
effect is not sufficient for causing a significant delay the 
cavitation index corresponding to the breakdown. There are 
several possible reasons for this observation. First, away from 
the tip, the increase in axial velocity, decrease in PS pressure, 
and rapid expansion of the attached cavitation caused by 
cavitation-induced blockage when it reaches the blade overlap 
region during cavitation breakdown onset can be seen in both 
cases (Figs. 10-13). Hence, the effect of the groove is limited 
to the tip region. Second, for σ<0.16, the reappearance of the 
PCVs indicates that the present groove is no longer effective, 
resulting in a growing tip region blockage. Larger or different 
geometry grooves might have been more effective, but it is not 
clear to what extent. It should be noted that in addition to the 
PCVs, the SS tip near the trailing edge under the PCVs is 
occupied by cloud cavitation as well. Hence, suppressing the 
PCVs might not be sufficient, requiring additional means to 
alleviate the effect of the cloud cavitation.   
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4. CONCLUSIONS 
Performance tests, high-speed imaging and SPIV 
measurements have been carried out to study the flow 
structures and pressure within the rotor passage of an axial 
waterjet pump during cavitation breakdown. Prior study [4] in 
our lab has attributed this phenomenon to the formation of 
large scale perpendicular cavitating vortices, which block the 
flow in the tip region. In recent experiments, we have tried to 
use circumferential grooves placed in several axial locations 
to manipulate the tip leakage flow, hoping to affect the PCV 
formation. These observations show that when the CG is 
located near the blade trailing edge, using the so-called 
CG3, the PCV formation is delayed. However, it causes only 
a limited effect on the conditions for cavitation breakdown, in 
agreement with previous studies [8]. Consistent with Pearsall 
[2], the onset of breakdown occurs when the attached 
cavitation on the blade SS reaches the blade overlap region, 
with or without casing grooves, and at all flowrates. Just 
before the rapid performance degradation, the attached 
cavitation expands rapidly with large oscillations in the SS 
area covered by it. Blockage to the through-flow area at the 
entrance to the overlap region accelerates the flow in the 
remaining area, causing a significant (~25%) reduction to the 
pressure along the blade PS. This pressure reduction 
presumably causes further expansion of the attached 
cavitation on the SS. At this stage, the performance is not 
degraded yet, and in-fact the pump head even increases 
slightly, consistent with RANS simulations of the same pump 
performed by Kim and Schroeder [28] and Lindau et al. [3] as 
well as numerous studies performed in other machines. 
From the measurements of pressure difference across the 
blade tip at mid passage, it appears that reduction in the SS 
pressure as the attached cavitation expands rapidly 
compensates for the reduction in PS pressure, causing an 
increase in overall performance. The resulting increase in 
pressure rise across the blade passage might oppose the 
expansion of the SS cavitation area, causing the high 
amplitude oscillation.  
Further slight reduction in cavitation index causes rapid 
deterioration in flowrate and head, increased tip region 
blockage, but a slight increase in velocity and decrease in 
PS pressure at mid span. The SS cavitation expands to the 
vicinity of the blade trailing edge, and the oscillations in 
coverage diminish. At mid span, with the SS maintained at 
the vapor pressure, and the PS pressure decreasing, the 
pump performance deteriorates. In the tip region, PCVs 
extending from the SS of one blade to the PS of the 
neighboring one occupy most of the tip region in the overlap 
area. Cloud cavitation also appears under the PCVs, but only 
near the SS. Both structures appear to contribute to the tip 
region blockage. While the trailing edge casing groove 
delays the PCV formation, it has a limited effect on the cloud 
cavitation. Hence, the groove is only partially effective in 
reducing the tip region blockage. During early phases of 
breakdown, suppression of the PCVs by CG3 indeed causes 
a limited improvement to the tip blockage and performance 
of the pump. However, with further slight reduction in 
cavitation index, the PCVs reappear.  
 
	
NOMENCLATURE 
A  = through flow area 
c = rotor blade tip chord 
h = width of the rotor blade tip gap  
ps,1, 
p in 
= static pressure at pump inlet (z/R=1.16) 
ps,2 = static pressure at stator outlet 
pv = vapor pressure of NaI solution 
Q  = volumetric flow rate 
R  = casing radius 
r, z, θ = radial, axial and circumferential 
coordinates 
s = rotor blade chordwise coordinate 
ur, uz, 
uθ 
= radial, axial and circumferential velocity 
U r, Uz, 
Uθ 
= ensemble-averaged radial, axial and 
circumferential velocity 
u, v, w  = velocity components in laser sheet 
coordinate system  
UT = rotor blade tip speed 
Uz,in = axial velocity at inlet 
W  = fluid speed in the rotor reference frame 
x', y', 
z' 
= laser sheet coordinate system  
ρ = NaI solution density  
φ  = flow coefficient 
θPIV = circumferential location of the laser sheet 
coordinate system  
σ = cavitation index 
σ local = local cavitation index 
ψ  = total head rise coefficient 
Ω  = rotor angular velocity 
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